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Directed cell rearrangements occur during gastrulation, neurulation, and organ formation. Despite the identification of
developmental processes in which invagination is a critical component of pattern formation, little is known regarding the
underlying cellular and molecular details. Caenorhabditis elegans vulval epithelial cells undergo morphological changes
that generate an invagination through the formation of seven stacked rings. Here, we study the dynamics of ring formation
during multivulva morphogenesis of a let-60/ras gain-of-function mutant as a model system to explore the cellular
mechanisms that drive invagination. The behavior of individual cells was analyzed in a let-60/ras mutant by three-
dimensional confocal microscopy. We showed that stereotyped cell fusion events occur within the rings that form
functional and nonfunctional vulvae in a let-60/ras mutant. Expression of let-60/ras gain-of-function results in abnormal
cell migration, ectopic cell fusion, and structural fate transformation. Within each developing vulva the anterior and
posterior halves develop autonomously. Contrary to prevailing hypotheses which proposed three cell fates (1°, 2°, and 3°),
we found that each of the seven rings is a product of a discrete structural pathway that is derived from arrays of seven
distinct cell fates (A, B, C, D, E, F, and H). We have also shown how autonomous ring formation is the morphogenetic force
that drives invagination of the vulva. © 2000 Academic Press
Key Words: organogenesis; vulva development; Caenorhabditis elegans; cell fusion; cell migration; let-60; Ras;
nvagination; morphogenesis; epithelia.d
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TINTRODUCTION
Organogenesis is the process of laying down the basic
body plan in an organism. During organogenesis various
cellular events such as cell migration, cell–matrix interac-
tion, cell–cell interaction, and cell fusion act in concert for
the production of specific organs and structures. One of the
best models for studying organogenesis is the vulva of the
nematode Caenorhabditis elegans. This organ is formed
rom only 22 epithelial cells yet its formation involves all
he major features of organ development. The vulva has
een studied extensively and much is known about the
ignaling pathways and the genetic interactions during the
arly phases of vulval development (Greenwald, 1997).
owever, only recently the cellular events that take place
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All rights of reproduction in any form reserved.uring the later stages of vulva formation have been de-
cribed (Sharma-Kishore et al., 1999).
During the first larval stage (L1) six vulval precursor cells
VPCs), all of them having the potential to participate in
ulva formation, are generated from ventral hypodermal
ells (Sulston and Horvitz, 1977; Kimble, 1981). These cells
P(3-8).p) are subjected to at least four signaling pathways:
n RTK-RAS-MAP kinase pathway induced by the gonadal
omatic anchor cell (AC) that along with a Wnt pathway
ffect P(5-7).p to adopt vulval cell fates (Han et al., 1990;
ackner et al., 1994; Wu and Han, 1994; Eisenmann et al.,
998; Maloof and Kenyon, 1998), a LIN-12/NOTCH lateral
ignaling pathway that determines the 1° sublineage of P6.p
nd the 2° sublineages of P5.p and P7.p (Greenwald et al.,
983), and a LIN-15 inhibitory signaling pathway that
nduces P3.p, P4.p, and P8.p to generate a 3° sublineage, that
s, fusion to the surrounding hypodermal syncytium hyp7
Herman and Hedgecock, 1990; Thomas and Horvitz, 1999).
he consequence of all these signals is the formation of awofold symmetrical primordium of 22 cells. The organo-
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235Dynamic Ring Formation in Multivulva Morphogenesisgenesis of the vulva is summarized in Fig. 1. This process
begins as cells from each half of the primordium undergo
short-range migrations toward the primordium’s midline
until meeting with their symmetrical partners from the
other half, thus pushing the inner cells dorsally and creating
an invaginated stack of seven toroids. This is followed by
cell fusion within five of these toroids and attachments of
specific toroids to specific epithelial cells and vulval muscle
cells. During this time the AC invades the most dorsal ring
and then fuses to the utse cell. The last stage involves
eversion of the vulva forming a functional tube-shaped
organ (Sharma-Kishore et al., 1999).
One of the central players in the inductive machinery
is the LET-60/RAS protein, which acts as a switch in the
determination between vulval and nonvulval fates (Beitel
et al., 1990; Han et al., 1990). Loss-of-function (lf) muta-
tions in the let-60 gene give rise to a vulvaless (Vul)
phenotype as a result of the 3° sublineage adopted by all
the VPCs. Gain-of-function (gf) mutations involve the
adoption of 1°/2°/3° sublineages by VPCs that normally
adopt only the 3° sublineage and result in a multivulva
(Muv) phenotype, in which additional vulva-like struc-
tures are generated independently of the presence of the
AC (Ferguson et al., 1987; Beitel et al., 1990). RAS, as
well as other small GTPases like the Rho family proteins,
takes part not only in general proliferation but also in
developmental events such as cell migration (reviewed in
Sternberg and Han, 1998).
In this study we have analyzed a let-60/ras(gf) mutant
in order to define the minimal requirements for each and
every cellular event during vulva formation. To under-
stand the mutual relationships between the real (func-
tional) and pseudo (additional and nonfunctional) vulvae
FIG. 1. Vulva formation in the wild type (A). The vulva precurs
depending on their signaling. P3.p, P4.p, and P8.p divide once and fu
three rounds of divisions yielding a primordium of 22 cells. Six cel
of the structural differentiated states (vulA-vulF). h, cells fused t
processes ventrally and laterally toward the midline of the primord
in a spatial and temporal order starting with the e cells and ending
Black dot represents the anchor cell (AC). (D) Confocal micrograp
domains, adherens junctions, or zonula adherens (ZA) of cells (Sha
of vulA fused before they started their migrations and the precurso
arrows point to two filopodia derived from the posterior binuclea
central vulF and vulE rings on the top are already more dorsal than
vulB2) fuse in a temporal order and the gonadal AC fuses to the
(F) Transverse section of the body of a late L4 stage showing the co
and du) and between the vulva and the hypodermis (hyp7 in the ve
shows cylindrical zonula adherens (ZA, in blue; dotted line is po
connects to the hypodermis in the ventral side, vulF connects to th
the adjacent rings are linked to each other (e.g., vulA to vulB1 and v
vulE rings are shown here as vertical lines before they fuse. The sa
maintained for all the figures except for (F). Anterior is to the left
(B, C) Dorsal views. Nomenclature: a–h are the cell fates of the VPC
to differentiate the cell fates from the uppercase letters of the pane
hatching at 20°C are from Sulston and Horvitz (1977). The figure is mo
Copyright © 2000 by Academic Press. All rightcharacteristic to this Muv mutant, we have asked four
questions:
1. How does a pseudovulva develop and how does this
differ from normal vulva development?
2. Do vulval cells migrate autonomously or attract each
other, or is there an external signal that induces migration?
3. Do vulval cells fuse only with homologous cells (e.g.,
A with A)?
4. Does Ras signaling influence cell fusion and cell
migration during vulva formation?
First, we have described the complete cellular events
taking place during the generation of a Muv mutant. Sec-
ond, we found out that within each primordium, each half
develops autonomously throughout the entire vulvae orga-
nogenesis. As the different primordia develop, they com-
pete with each other for vulval cells, resulting in the
formation of asymmetrical vulvae. Third, we have observed
that the ultimate fate of the VPC’s descendants is to
produce a structural scaffold which lines the vulval opening
and that cells can attain differentiated structural states of
absent cells to complete the minimal requirements for
vulva formation. Finally, we provide evidence suggesting
that RAS may influence the migration and fusion fates of
certain cells during vulva formation.
MATERIALS AND METHODS
General Methods and Strains
Methods for the culturing and handling of worms were as
described before (Brenner, 1974). Animals were raised at 20°C
unless otherwise stated. C. elegans strain N2 was the wild-type
lls (VPCs; P(3-8).p) execute their cellular fate in the mid-L3 stage
the surrounding hypodermal syncytium hyp7. (B) P(5-7).p undergo
s established in a palindromic sequence (a–f f–a) are the precursors
7. (C) At the onset of the L4 stage, the cells send unidirectional
creating an invagination. These short-range migrations take place
h the external a cells resulting in a stack of seven toroids or rings.
a vulva primordium stained with MH27 mAb that reveals apical
ishore et al., 1999). In each half of the primordium the precursors
vulC have fused after they completed their migrations. The yellow
cell. This intermediate is before intratoroidal cell fusion and the
external rings. (E) The cells within the rings (except for vulB1 and
e utse cell resulting in the formation of a tube-shaped L4 vulva.
tions between the vulva and the cells of the uterus (uv1, utse, uv2,
side and seam cells on the left and right). The lumen of the vulva
or) that link the apical domains of the different cells. VulA ring
1 cell of the uterus on the dorsal side, and the apical domains of all
o vulE). The transverse junctions between the cells of the vulF and
olor code for the different cell types and the vulval rings has been
pt for (F) that is a transverse section in which dorsal is to the top.
ddaughters. The use of lowercase here and in Figs. 2 and 3 is simply
e also Fig. 5). The cellular sublineages and the times in hours afteror ce
se to
l fate
o hyp
ium
wit
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dified from Sharma-Kishore et al. (1999).
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236 Shemer, Kishore, and Podbilewiczstrain (Brenner, 1974). The following strains were used: LGIV:
let-60(n1046) (Beitel et al., 1990; Han and Sternberg, 1990). BP74
let-60(n1046) jcIs1[MH27-GFP] was obtained by mating males
expressing MH27-GFP (Mohler et al., 1998) with let-60(n1046)
hermaphrodites and selecting recombinant progeny that expressed
the Muv phenotype as well as fluorescent apical junctions of
epithelial cells. The jcIs1 strain (kindly provided by J. Simske and
J. Hardin (Mohler et al., 1998)) contains all known control se-
quences required to target MH27 to the cellular junctions, pRF4 (a
plasmid containing the dominant roller mutation rol-6(su1006))
and F35D3 (unc291 DNA) in an N2 background (unc-29 DNA was
used to add complexity to the array). The presence of the dominant
cuticle mutation rol-6 in the jcIs1 strain is unlikely to affect
morphogenesis since MH27 antibody was also used in let-
60(n1046) without jcIs1.
Permeabilization, Fixation, and
Immunofluorescence
Worms were fixed and permeabilized as described before (Finney
and Ruvkun, 1990; Sharma-Kishore et al., 1999). Stages of devel-
pment were determined by using Nomarski optics or by following
he development of the seam cells through fluorescence micros-
opy (Podbilewicz and White, 1994). Immunofluorescence was
arried out as described before (Podbilewicz, 1996; Sharma-Kishore
t al., 1999). The mouse monoclonal antibody MH27 (1:300 dilu-
ion) was used to stain the adherens junctions of epithelial cells
Francis and Waterston, 1991; Podbilewicz, 1996).
Confocal and Fluorescence Microscopy
Confocal reconstructions were made by using an MRC-1024,
laser confocal scanning microscope (Bio-Rad, Hempstead, UK) with
the objective Nikon Plan Apo 603/1.40 (Podbilewicz, 1996;
Sharma-Kishore et al., 1999). Cell identity was revealed using the
characteristic staining of the apical junctions of vulE and vulF
(narrow and tall shape in the dorsoventral axis in 100 and ;65% of
he vulvae, respectively; see Figs. 1 and 7) and vulB1-vulB2 (short
ings compared with the rest) (Sharma-Kishore et al., 1999). Worms
were either anesthetized in 0.01% tetramisole, 0.1% tricaine, or
paralyzed transiently by lowering the temperature to 8–11°C for
10–20 min using a temperature control system (Y. Rabin and B.
Podbilewicz, unpublished results). Cell lineages were followed as
described (Sulston and Horvitz, 1977).
FIG. 2. Multivulva formation in the let-60(n1046) gf mutant. (A–C
urrounding cells as well as a Let-60/Ras ectopic signal that is a r
bserved fates of the VPCs in let-60(n1046) and is represented also
C) During the terminal round of division the anterior pseudo f cel
ells migrate toward their respective primordia midlines as in w
ttached between the different primordia stretch due to competi
nterior pseudovulva fuse. (E) The daughters of a in all the primordi
igrations and are therefore absent from the evolving vulvae. As a r
airs, two filopodia (arrowheads) migrate toward the midline and tu
orming a stack of only five or six rings. (F) The extended cells bet
hroughout vulvae formation. Newly formed rings undergo a tempo
ecomes mature and functional although part of its normal dis
ifferentiated states of the absent cells as a result of cell fate transfo
iews. AC, anchor cell (black dot in D and E). A, anterior; P, posterior;
Copyright © 2000 by Academic Press. All rightRESULTS
Cellular Events during Vulva Formation
Organogenesis of the C. elegans vulva in wild-type ani-
mals can be divided into three phases (Fig. 1): short-range
migration forming seven stacked rings, cell fusion, and
eversion of the vulva (Sharma-Kishore et al., 1999).
To study the development of the let-60(n1046) mutant
ulva as well as the pseudovulvae that are characteristic
f this gf mutant, we followed vulvae formation in living
1046 worms expressing MH27-GFP (see Materials and
ethods). In addition, we have stained worms from
ifferent stages of development with an antibody against
he adherens junctions and observed three-dimensional
onfocal section reconstructions (Sharma-Kishore et al.,
999). By analyzing these intermediates it was possible to
eveal the mutual influence that the “real” and
seudovulvae exert on each other and to learn about the
inimal cellular events required for the completion of
he successive developmental phases. Figure 2 shows the
ummary of events during vulval formation in let-
0(n1046).
Divisions of the Vulva Precursor Cells Reveal
Asynchronous Vulval Development of
Pseudovulvae in let-60(gf)
In wild-type worms, the sublineages of the different VPCs
are invariant and dependent on combined signaling pathways
(Sulston and Horvitz, 1977; Horvitz and Sulston, 1980;
Kimble, 1981; Euling and Ambros, 1996) (Fig. 1). In the
let-60(n1046sd) gf mutant it has been shown that the induc-
tion signal gives rise to various sublineages resulting in the
formation of ectopic pseudovulvae (Beitel et al., 1990).
To investigate the morphogenesis derived from these
abnormal sublineages in let-60(n1046), we have analyzed
living worms and reconstructed intermediates from the
mid-L3 stage, 29–33 h posthatching (Fig. 3). During the first
round of the VPC’s division in n1046 mutants, the spatial
and temporal pattern of the division of P(3-8).p was indis-
tinguishable between the different VPCs. However, during
-8).p adopt different cellular fates according to the signals from the
of a gf mutation (Eisenmann and Kim, 1997). This is one of the
igs. 4 and 5. (B) All the VPC’s daughter cells divide longitudinally.
d not divide in this example. (D) Real and pseudovulvae precursor
pe animals (Fig. 1) except for the fact that the furthermost cells
attractiveness between equidistant primordia. The f cells in the
the anterior b1 in the real vulva primordium do not complete their
, the primordia are asymmetric. In the absence of their symmetrical
ward each other until they meet, producing concentric toroids and
the primordia either fuse to hyp7 (as in this example) or remain
nd spatially ordered process of intratoroidal fusions. The real vulva
omponents are missing. Specific cells can adopt the structural
ion. See text for details. (B–E) are dorsal views; (A and G) are lateral) P(3
esult
in F
ls di
ild-ty
tive
a and
esult
rn to
ween
ral a
tal c
rmatR, right; L, left; V, ventral; D, dorsal.
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238 Shemer, Kishore, and Podbilewiczthe second round of division, the daughters of P3.p, P4.p,
and P8.p, which did not fuse to hyp7 (3° sublineage), divided
asynchronously (Fig. 3; G. Shemer and B. Podbilewicz,
FIG. 3. Heterochronic proliferation of VPCs. Confocal micrograph
adherens junctions (Francis and Waterston, 1991; Podbilewicz and W
junctions. (D). Pictures were obtained by projecting 5–10 serial conf
of P(5-7).p after two rounds of cell division (a–f and f–a) as we
(approximately 31.5 h posthatching). (B) Primordial cells of an asym
has undergone only two rounds of divisions yielding four granddau
sublineage). (C) Beginning of short-range migrations: the descendan
divided only once (34 h). (Inset) A higher magnification of the cente
VPCs. Arrow points to the filopodia that links two primordia. (D
extended cells between the primordia. These cells do not complete
In all the pictures anterior is to the left. Bar, 10 mm. Estimated time
f development of the seam cells (see A and C, above the vulval cunpublished data).
Copyright © 2000 by Academic Press. All rightThe 12 cells of wild-type animals (a–f and f–a) undergo a
erminal round of division at this stage (see legend to Fig.
B). In n1046, P(5-7).p and their progeny divided temporally
id-L3 to mid-L4 vulvae stained with MH27 mAb (A–C) that reveal
, 1994) or vulvae expressing an MH27-GFP construct in their apical
sections of 0.5 mm. (A) Early primordia with the 12 granddaughters
the granddaughter cells of P4.p and the daughter cells of P8.p
rical real vulva during the terminal round of division (32.5 h). P4.p
r cells and the daughter cells of P8.p have fused to hyp7 (h fate; 3°
f P3.p and P(5-7).p during the terminal round of division. P4.p has
he real vulva primordium showing the great-granddaughters of the
real and two pseudovulvae after ring formation. Arrows indicate
migrations and will not participate in the formation of the vulvae.
in hours post hatching and are based on Nomarski optics and stages of m
hite
ocal
ll as
met
ghte
ts o
r of t
) A
their
s areand spatially in a similar way to the wild type but the
s of reproduction in any form reserved.
239Dynamic Ring Formation in Multivulva MorphogenesisFIG. 4. Early morphogenesis of vulval cells Apical junctions of the cells were visualized and pictures were obtained as described in Fig.
3. The schematic drawings are dorsal views based on these pictures. (A) Intermediate with all 22 vulval cells plus 13 primordial cells of the
anterior pseudovulva and 7 cells that form the primordium of the posterior pseudovulva. (B) The different primordia began to invaginate
while the most external cells of the primordia have extended their apical surfaces. (C) In the real vulva, vulD precursors have migrated to
surround the inner rings of vulE and vulF. In the anterior pseudovulva primordium vulD precursors have migrated toward their inner
neighbors and, in the absence of symmetrical pairs, have encompassed vulE and vulF. The extended daughter cells of a have fused in all the
different primordia. In the real vulva the anterior b1 cell has also extended. (D) In the posterior pseudovulva, vulC precursors have sent
extensions (arrows) surrounding vulD that in the absence of vulF served as the inner “organizer” cell. In the absence of symmetrical pairs,
these extensions turned toward each other. Similar filopodia are shown in the anterior pseudovulva and in the central real vulva (arrows).
(E) vulC precursors in all the primordia have fused in pairs in a transverse fusion. In the real vulva the vulC ring has formed. In the anterior
primordium, these fused cells have sent processes that have encompassed the inner rings. In the posterior primordium, the vulC ring has
formed after the apical extensions had met and fused. Closed black circle at the center of the real vulva represents the AC that invades and
penetrates the four vulF precursor cells.
FIG. 5. Cellular fates and structural differentiated states of the primordial cells of the vulvae. A schematic representation of mid-L4 vulvae
(;38 h) based on fixed and live worms showing the stacks of rings before intratoroidal fusions. The lineage relationships of the different
rings are indicated. The cell fates are indicated by the ring precursors (A–F) or by cells that will not participate in vulvae formation (H). In
the anterior pseudovulva the descendants of P3.p and P4.p have formed a stack of six rings (vulE-like and vulF-like, 1° sublineage of P3.p;
pseudo-vulB1-vulD, 2° sublineage of P4.p.). In the posterior pseudovulva four rings, half in size of normal rings, have been formed
(pseudo-vulB1-vulD, 2° sublineage of P8.p as shown before). The real vulva is composed of only five complete rings and one half-ring (the
posterior vulB1). Timing of division between the VPCs is only schematic as division status of the different VPCs is variable. The open
rectangles represent cell fusion. Open circles represent nuclei. Free nuclei represent cells that have fused with the hypodermal cell hyp7.
FL, longitudinal fusion; FT, transverse fusion.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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240 Shemer, Kishore, and Podbilewiczprogeny of P3.p, P4.p, and P8.p showed again, like in the 12
cells stage, a retarded phenotype (Fig. 3B). In 28% of the
cases P3.p, P4.p, and P8.p divided three times like P(5-7).p
yielding 7 or 8 great granddaughter cells (2° or 1° sublineage,
respectively) depending on their pattern of division (e.g.,
P3.p in Fig. 3C). However, in 72% of the cases the extra
cells divided only once or twice while P(5-7).p had divided
three times (e.g., P4.p in Fig. 3B). The extra cells that
escaped the 3° sublineage (fusion to hyp7) were either
linked or not linked to the real vulva primordium regardless
of their division status (e.g., Figs. 3A–3C). This phenom-
enon was also observed in later stages of development
leading us to conclude that the transformed VPCs can
divide at a slower rate than the descendants of P(5-7).p and
that some transformed VPCs divide only once like in the
wild type but escape fusion to hyp7.
Short-Range Migrations: Competition between
Migrating Cells
In wild-type C. elegans the next stage of vulva develop-
ment is characterized by short-range migrations that in-
FIG. 6. Ring formation in pseudovulvae. Pictures of confocal rec
pseudovulvae prior to intratoroidal fusion stained with MH27 mA
of vulval cells were distinguished from the rest of the cells by anal
resemblance to known rings in the wild type (see Materials and Me
most ventral rings have each formed from only one half-primordium
E) Pseudovulva containing only four rings, each of them formed
“organizer” cell. (C and F) Pseudovulva containing seven anterior
nuclei suggesting that the descendants of P3.p and P4.p acted toge
1° or a 2° sublineage. The cells in rings vulA-vulE have not achiev
molt. All pictures with ventral down and anterior to the left. All pvolve the extension of apical domains between equivalent (
Copyright © 2000 by Academic Press. All rightells from the two sides of the vulva primordium toward
he center (Figs. 1C and 1D).
To analyze cell migration in let-60(n1046), we have
nvestigated living worms and reconstructions of migration
ntermediates (33–36 h post hatching). We found that in
ach primordium the cells migrated toward their primordi-
m’s midline but at the onset of the migrations, the apical
omains of the most external cells elongated abnormally
orming apical extensions between the different primordia
Figs. 2E, 3C, and 3D, arrows). These apical extensions were
bserved in all of the worms investigated from the begin-
ing of the short-range migrations until later stages. The
longated cells either fused later to hyp7 (Fig. 2F) or re-
ained throughout the entire vulvae formation (Fig. 3D).
One interpretation of the apical extensions is that they
epresent competition between the different primordia dur-
ng cell migration. To understand how this competition
ffects the resulting real and pseudovulvae, we character-
zed the primordia of intermediates from the early and
id-L4 stage, after the completion of these short-range
igrations. The precursors of vulE-vulB2 migrated nor-
ally in all the real vulvae primordia. However, the A cells
ructions (A–C) and their respective dorsal view diagrams (D–F) of
erens junctions, green) and propidium iodide (nuclei, red). Nuclei
f each section. The identity of the rings is based on the structural
s). (A and D) Pseudovulva containing pseudo vulB2-vulF. The three
lF is formed from two f cells that fuse between themselves. (B and
only one half-primordium. The d cell has served as the inner
-rings and five posterior half-rings. This pseudovulva contains 13
to obtain this structure not in the conventional way of adopting a
ll fusion and we would expect them to fuse before the L4 to adult
ovulvae are from animals in the mid- to late L4 stage. Bar, 10 mm.onst
b (adh
ysis o
thod
. vu
from
half
ther
ed ceand sometimes also the B1 cell) had not completed their
s of reproduction in any form reserved.
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241Dynamic Ring Formation in Multivulva Morphogenesisshort-range migrations or had not migrated at all. In both
cases the result was the absence of these cells from the
mid-L4 primordia (Table 1, Figs. 4, 5, and 7C). Only in 1
case of 42 did all of the half-rings’ precursors seem to have
completed their migrations. In all of the cases analyzed
where there were no extra cells near the real half-vulvae
(when the P8.p cells executed the 3° sublineage), the short-
range migrations were not slowed down. This is consistent
with the competition between the extra cells that did not
fuse to hyp7 and the real vulva cells (Fig. 4).
In Fig. 4, pseudovulvae were either formed from the
descendants of one VPC (P8.p) or two VPCs (P3.p and P4.p).
The migration pattern of the pseudoprimordia resembled
that of the real primordium. Both involved sending apical
processes from the outer cells toward the inner cells with
the concomitant remodeling of adherens junctions with
hyp7.
In summary, we found that real vulva cells and
pseudovulvae cells of n1046 migrated toward the vulva (or
pseudovulvae) midline in the same manner as in the wild-
type animals except for the most distal cells attached
between the primordia, that did not migrate or did not
complete their migration.
Autonomy of the Two Halves of the Vulva
Primordium Results in Asymmetry in Size,
Orientation, and Cells Content
Two halves derived from anterior and posterior cells
form each ring in the wild-type vulva (Figs. 1D and 7A).
To investigate whether cells attract each other or alter-
natively vulval cells behave autonomously, we have
analyzed the formation of natural semivulvae composed
of half-rings in let-60(n1046). When looking on real
vulvae in mid-L4 reconstructions and living worms ex-
pressing MH27-GFP, equal number of precursor cells in
both halves was obtained only in cases where both halves
were subjected to equal competition with nearby
pseudovulvae (Figs. 7D and 7E). We observed that in most
cases both halves showed A–P asymmetry with an un-
TABLE 1
Asymmetry between the Two Halves of Real Vulvae
Ring statusa
% of total
semivulvae
(n 5 42)
o vulA 40% (17)
o vulA 1 no vulB1 29% (12)
ncomplete migration of vulA primordial cells 29% (12)
ll rings exist 2% (1)
a Half-primordia were counted and the state of the migration of
heir precursors was determined. Half-primordia that lacked spe-
ific rings were calculated as percentage of the total half-primordia
bserved. In parentheses are numbers of half-primordia.equal number of vulA and/or vulB1 precursor cells (Figs.
Copyright © 2000 by Academic Press. All right, 4, 5, 7B, and 7C). This asymmetry was not confined to
he contents of the rings but also to their size and
rientation. In 54% of these primordia, one half was
arger than the other half (Fig. 7B). In addition, in 71% of
he vulvae inspected (n 5 24), the apical domains were
riented toward the anterior side of the worm (arrow-
eads; Figs. 7D and 7E) regardless of the presence of a
osterior pseudovulva primordium.
In summary, the asymmetry that we found in let-
0(n1046) suggested that each half of the vulva developed
utonomously. In the presence of nearby pseudovulvae,
recursor cells of the two halves migrated unequally ending
ith an inclined invaginated primordium comprised of a
ifferent set of cells with additional structural asymme-
ries.
Ring Formation: Half-Vulvae Form “Self”
Complete Rings
In wild-type C. elegans anterior and posterior pairs coor-
dinately migrate to form rings (Fig. 1). To further study a
natural situation of formation of half-rings in semivulvae
and to analyze the process of invagination by ring formation
step by step, we have examined pseudovulvae of n1046 in
fixed and living worms. The pseudovulvae we investigated
can be divided into three main structural subclasses: (1)
disorganized structures without any identified structural
pattern; (2) pseudovulvae that developed a structure recog-
nizable as those usually obtained by the 1° sublineage
(pseudo vulE 1 vulF) or 2° sublineage (pseudo vulA-vulD:
igs. 6B, 6E, and 7F) or structures that are partially primary
nd partially secondary (Figs. 6A and 6D); and (3) complex
tructures with more rings than expected from the sublin-
age (Figs. 6C and 6F).
In 2° sublineage-derived structures, the cells sent two
nidirectional extensions from outer to inner cells as the
seudo D cell served as the midline (Fig. 4C; posterior
seudovulva). In the absence of symmetrical pairs, the
xtensions moved toward each other until they met thus
orming complete rings (Figs. 4D and 4E). Because only one
ell (D) served as the midline (compared with four F cells in
ild-type animals) the rings were half in size in their A–P
xis of the normal ones (Figs. 2, 4, and 5: posterior pseudo-
rimordium; Figs. 6B, 6E, and 7F). When primordia of
seudovulvae adopted a more complex structural shape
partially vulE-vulF-like and partially vulA-vulD-like) that
ontained four or two pseudo F’s, the outer cells formed
omplete and full-sized rings similar to the real vulva and to
he vulva of wild-type animals. Here, also, the cells have
ent apical extensions that turned toward each other in the
bsence of symmetrical pairs (Figs. 2, 4, and 5, anterior
seudoprimordium; and Figs. 6A and 6D). Thus, the size
nd shape of the A–D-derived rings is determined by the
imensions of the dorsal rings that formed first (vulF or
ulD).
In summary, the ring asymmetry and the formation of
s of reproduction in any form reserved.
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243Dynamic Ring Formation in Multivulva Morphogenesis“self” rings indicate that cell migration and cell fusion are
autonomous processes.
Transformations of Rings and Fusion Fates
between the Vulval Toroids
Figure 5 shows the formation of incomplete stacks of
rings due to the competition between primordia in let-
60(n1046). We propose that the ultimate cell fate of the
VPCs descendants is a structural differentiated state ex-
pressed as the different rings. A to F represent the cell fate
of ring formation and H represents the cell fate of fusion to
hyp7.
Intratoroidal Fusions: Transformations of Cell
Fusion Fates
In the wild-type, after all the primordial cells complete
their migrations and during invasion of the AC followed by
its fusion to the utse uterine cell, there is an ordered process
of fusion within the rings starting with vulD and ending
with vulE with the exception of vulB1 and vulB2 (Sharma-
Kishore et al., 1999). As a result, a stack of seven rings is
built (Fig. 1) and this organ is attached to the surrounding
epithelia (through processes from vulE), to hyp7 (through
vulA), to vulval muscles (Sharma-Kishore et al., 1999), and
o the uterus (Newman and Sternberg, 1996; Newman et
l., 1996). Figure 7A shows a wild-type vulva after ring
ormation and before intratoroidal fusion. In the wild-type
ulva the order of the intratoroidal cell fusions are vulD,
ulA, vulC, vulF, and vulE (Sharma-Kishore et al., 1999).
In n1046, the precursor cells of vulA and vulC (A 1 A and
1 C, respectively) fused between themselves on each side
f the primordium before (vulA) and during (vulC) the
igrations as occurs during early fusion events in the wild
ype (compare Figs. 1C and 1D with 4B–4E).
To investigate the intratoroidal fusions phase in n1046,
e have analyzed reconstructed larvae and living worms
FIG. 7. Intratoroidal fusion in real and pseudovulvae. Confocal re
6. Left column, confocal reconstructions. Middle column, lateral vi
(B–D) Real vulvae of n1046. (E) Pseudovulva of n1046. (A) Lateral v
(B) Primordium containing six rings and one posterior half-ring. Vu
fusion. Arrows point to midline where junctions between anterio
transversely and the vulD ring has undergone intratoroidal fusion
comprising this ring. In the anterior half the vulA precursor cells ha
as well as vulB1 precursors have not migrated at all and are absent f
five rings in which vulC has also undergone intratoroidal fusion. Ar
of the vulva toward the anterior side (left). (E) Primordium in whic
absence of the a cells that have not completed their migration. vulB
points to the asymmetric orientation of the vulva toward the an
complete rings in which the pseudo vulD cell serves as the most dor
let-60(n1046) the order of intratoroidal longitudinal fusions (FIL) are
). The order of transverse intratoroidal fusions (FIT) for vulF is va
fusions (n 5 6). In the wild type the order is vulD, vulA, vulC, vulF
n the wild type but not in the mutant. All pictures with ventral down
Copyright © 2000 by Academic Press. All rightrom the mid-L4 stage. We found that even after abnormal
igrations, the process of intratoroidal fusions did take
lace. Figures 7C–7E show reconstructed vulvae in different
tages of intratoroidal fusions. Like in the wild type, this
hase started only after all the cells that do participate in
he formation of the vulvae had completed their migrations
e.g., Figs. 7C and 7E). This suggests that the temporal order
f events is independent of the components of the primor-
ia but is dependent on the completion of the migration
rocess by the participating cells.
In n1046, the two cells of vulD were the first to fuse
ongitudinally (Fig. 7C). In the absence of vulA from the
rimordia, the vulC cells fused next (Fig. 7D) and the
ormal order of events proceeded. In one reconstructed
ulva lacking vulA, the two cells forming vulB2 fused
dopting the fate of vulA even though in the wild-type they
o not fuse (Fig. 7E). The transverse intra-toroidal fusion
FIT) in vulF sometimes were found early (e.g., Figs. 7B and
7C right diagrams) and in other cases they occured after the
longitudinal intratoroidal fusion (FIL) as in the wild-type
(e.g., Figs. 7D and 7E). As for the pseudovulvae, we observed
intratoroidal fusion of pseudo vulC (vulD-like is composed
of only one cell in this case) at least in one reconstructed
intermediate (Fig. 7F). Thus, where A cells fuse to hyp7, the
precursor cells of vulB accomplish a proper interface with
hyp7 allowing the base of the vulva to attach to the
hypodermis (e.g., Figs. 2F, 5, 6A, and 7D).
To summarize, in the absence of specific cells in n1046
the fusions within the existing rings took place after the
participating cells of the primordium had completed their
migrations. The fusions followed the same order as in the
wild-type vulva with the exception of vulA that did not
participate in vulva formation and the transverse fusions
(FIT) of vulF that were variable. In one case we detected
substitution of the A cell fate by the descendants of the B
cell not only in forming the most ventral ring (vulB1), but
also in undergoing intratoroidal fusion (vulB2) (Fig. 7E).
ructions of vulvae from the mid- to late L4 stage stained as in Fig.
iagrams. Right column, dorsal view diagrams. (A) Wild-type vulva.
f a wild-type vulva where no intraring cell fusions have occurred.
ed transversely and the rings have not yet undergone intratoroidal
posterior vulval cells are. (C) Primordium in which VulF fused
pressed by the disappearance of the boundaries between the cells
ot completed their migration while in the posterior half these cells
the primordium. (D) Primordium from later stages containing only
ead points to the apex of the stack of rings showing the orientation
lB2 has undergone intratoroidal fusion (in addition to vulD) in the
es not fuse in the wild type. Arrowhead dorsal of the stack of rings
side. (F) Primordium of a posterior pseudovulva containing five
ing. Pseudo vulC has undergone intratoroidal fusion. In the mutant
sed (n 5 6), vulD (n 5 12), vulC (n 5 5), and vulF and vulE (n 5
e since FIT have been found associated with different stages of FIL
vulE. For the two most dorsal rings, FIT and FIL events are coupledconst
ew d
iew o
lF fus
r and
as ex
ve n
rom
rowh
h vu
2 do
terior
sal r
unfu
riabl
, andand anterior to the left. Bar, 10 mm. ac, anchor cell (black dot).
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Copyright © 2000 by Academic Press. All rightLast Phase of Vulva Formation
During this phase that involves vulva eversion followed
by lumen closure, we have not seen any difference between
the development of the real vulva of the mutant and the
wild-type vulva. As for the pseudovulvae, this phase did not
involve closure of the lumen since no lumen was opened in
the absence of the AC.
DISCUSSION
We have done a step-by-step analysis of vulvae formation
in a ras/let-60 Muv mutant through investigation of recon-
structed intermediates from different stages of development
as well as using a GFP-tagged adherens junction marker
enabling us to better understand the minimal requirements
for each of the developmental cellular events. The sequence
of events leading to the real and pseudovulvae in this
mutant is summarized in Fig. 2. We have also described the
mutual relationships between the different vulvae and
arrived to three major conclusions: (1) The different primor-
dia compete between themselves for vulval cells. (2) Each
half-primordium develops autonomously. (3) The ultimate
fate of each vulval cell is to become one of the seven
structural cell types that comprise the vulva.
The Primordial Cells of the Most Dorsal Ring Have
a Key Role in the Migration Stage
On the onset of vulva formation, the primordial cells
have apparently “divided” into groups according to their
future structural differentiated state (forming a real or a
pseudovulva). The pattern of morphological events leading
to vulva formation was similar between these groups (Figs.
2 and 3). Two events are crucial for the development of the
vulvae. The first event is the determination of a primordi-
um’s midline, toward which the outer cells migrate. Our
results suggest that the boundaries between the primordial
cells of the most dorsal ring vulF may be the default midline
as the outer cells migrated toward these boundaries not
only in the wild-type vulva or the real vulva in let-
60(n1046), but also in pseudovulvae that contained pseudo-
vulF (Figs. 4, 6A, 6C, 6D, and 6F). In other cases, the
precursors of the most dorsal ring acted similar to the
pseudo vulF and served as a midline (e.g., Figs. 6B, 6E, and
7F). The second event is the trigger that starts the short-
range migrations. Evidence for the existence of this trigger
came from the putative competition between the primordia
in this Muv mutant. Although each group of cells acted as
an independent primordium, the presence of nearby groups
affected them and the most external cells did not complete
their migration. It is possible that these cells were subjected
to signals from both midlines and “could not decide” where
to migrate to, suggesting that cells that serve as a midline
are critical in determining the normal temporal and spatial
order in which the cells migrate. These results suggest thatFIG. 8. A working model for the cell behaviors that drive
invagination of the vulva. (A) During the L3 stage the AC
induces three of the six multipotential VPCs to adopt vulval
fates with the involvement of RTK-LET-60/RAS and Wnt-BAR-1
signaling pathways (Eisenmann et al., 1998; Han et al., 1990;
Lackner et al., 1994). LIN-12 is a receptor from the LIN-12-
Notch family that is required for lateral signaling (Greenwald et
al., 1983) and LIN-15 induces cell fusion or inhibits vulval fates
(Herman and Hedgecock, 1990; Thomas and Horvitz, 1999). (B)
Based on our work on vulva morphogenesis in wild-type and
ras/let-60 hermaphrodites we propose that additional signaling
pathways are involved in stereotyped autonomous cell migra-
tion and cell fusion processes during ring formation in the late
L3 and early L4 stages. (C) After the seven rings are formed
intratoroidal fusions occur in a regulated way and the AC fuses
to the utse uterine cells. It is unknown how this process is
controlled. The seven rings show a pyramidal shape before and
during intratoroidal cell fusions. (D) Morphological changes
determine the seven structural differentiated states (vulA-vulF)
and the shape of the stacked rings become cylindrical instead of
pyramidal. This transverse view also shows the structural dif-
ferentiated state of vulE that undergoes a major expansion after
the intratoroidal fusion step linking two basolateral domains to
the lateral hypodermal seams cells (see also Fig. 1F). RAS and
other signaling pathways as well as specific fusogenic molecules
may be involved in the different steps shown here (?). Fusingthe primordial cells that form the most dorsal ring (vulF in
s of reproduction in any form reserved.
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245Dynamic Ring Formation in Multivulva Morphogenesisthe real vulva) play a key role in the onset and throughout
the short-range migrations stage. When the F and E cells are
absent then D cells become the “organizer”. We propose
that there is a hierarchy A to F and each cell knows to
migrate toward a neighbor that is higher in the sequence (A,
B1, B2, C, D, E, F).
Each Half-Vulva Develops Autonomously
Vulvae formation in the ras/let-60 mutant described here
has enabled us to follow the behavior of many half-vulvae
during each and every stage of development. Our results
establish that each half-vulva develops autonomously
throughout vulva organogenesis. First, due to the competition
between the different primordia (see above), each half of the
real vulva developed differently leading to asymmetrical vul-
vae (e.g., Figs. 4, 7B, and 7C). Second, in pseudovulvae that
lacked half of the primordial cells, the existing cells started
migrating, turned toward themselves after the midline had
been passed, and fused intratoroidally forming complete rings
(Figs. 4 and 7F). Thus, the correct sequence of events is
independent of the interactions between the symmetrical
halves. Each half-primordium develops independently over a
limited time range and for a defined set of cell migration and
cell fusion events. For example, in cases when one half-
primordium contributes E/F fates and the other half-
primordium contributes A/D fates, the E/F become the orga-
nizer and set the center. D cells then migrate and surround
vulE/vulF rather than competing for the center (G. Shemer
and B. Podbilewicz, unpublished results). Previous work on
the wild-type vulva has shown that each half-vulva can
develop autonomously (Sharma-Kishore et al., 1999). How-
ver, this report was based largely on only one observation of
n EM reconstructed late L4 vulva that had undergone laser
icrosurgery killing the posterior half of the vulva and on cell
ineaging evidence from early stages of vulva formation, prior
o organogenesis. Viewing the results presented here, we
uggest that key players in the regulation of ring formation are
he primordial cells of the most dorsal ring and the surround-
ng hypodermal syncytium. In addition, the developmental
attern of half-pseudovulvae implies that the cells are intrin-
ically activated resulting in their ability to migrate until they
nd “self,” stop migrating, and undergo intratoroidal fusion
ven in the absence of their symmetrical pairs (Fig. 4). How-
ver, when two half-primordia produce sets of homologous
ells, the homologues will eventually recognize each other
nd extend arms toward each other in a somewhat coordi-
ated fashion, even if the final product ends up asymmetric.
hus, the two halves interact and maintain a hierarchy of cell
ates and when one half is missing cell migration, cell fusion
nd ring formation occur autonomously without changing the
to A center to periphery and dorsoventral hierarchy of
nteractions.
Cellular Fate versus Structural Differentiated State
Previous work has described in detail the cellular sublin-eages of the VPCs (Sternberg and Horvitz, 1989; Greenwald,
Copyright © 2000 by Academic Press. All right997). The VPCs undergo a stereotyped sequence of cell
ivisions (1°, 2°, and 3° sublineages) that result in seven cell
ates (A, B, C, D, E, F, and H; Figs. 1A, 2B and 5). Thus, the
ellular sublineage is followed by seven cell fates of which
–F fates will form vulval rings (Sharma-Kishore et al.,
999). In the wild type the tube-shaped vulva is formed
rom a stack of seven rings (seven structural differentiated
tates), some of them multinucleated (Fig. 1) (Sharma-
ishore et al., 1999). However, in let-60(n1046), although
ome of the VPCs have not changed in their cellular
ublineage (P(5-7).p), their structural differentiated state
as completely different (Figs. 2, 5, 6C, and 7E). We propose
o distinguish between the cellular fates and structural
ifferentiated states by the following nomenclature: A–F
cell fates) for precursors of vulA-vulF (structural differen-
iated states), respectively, and H (cell fusion fate) for cells
hat will not participate in vulva formation and may fuse
ater to the surrounding hypodermis.
Inhibiting Proliferation and Promoting Fusion
of VPCs May Be Separate Processes
The descendants of P3.p, P4.p, and P8.p do not always
proliferate at the same rate as those of P(5-7).p (Fig. 3; G.
Shemer and B. Podbilewicz, unpublished data). In fact, we
observed cases where one of the VPCs divided only once
and the two daughter cells remained undivided until vulva
formation had been completed. According to the 3° sublin-
eage (H cell fate), a single division of a VPC should result in
fusion to hyp7. However, these cells have escaped this fate,
suggesting that fusion to hyp7 is not a default process
following proliferation arrest of VPCs daughter cells but
rather that cell fusion and proliferation are two separate
processes. Previously, it has been shown that the 3° cellular
fate appears to be the result of an intracellular signaling
system between hyp7 and the VPCs and that two classes of
genes are needed to inhibit vulval cell fates (Ferguson and
Horvitz, 1989; Herman and Hedgecock, 1990; Hedgecock
and Herman, 1995; Thomas and Horvitz, 1999). It is still
not well understood how these pathways actually work.
The ectopic activity of RAS/LET-60 in n1046 may bypass
the fusion–promotion pathway leading to nonproliferating
cells that escape fusion.
A Novel Potential Role for RAS in Vulva
Organogenesis
The function of the RAS protein is not limited to its
central role in proliferation. It has been previously shown
that RAS is not essential for general proliferation in C.
elegans and Drosophila (Hou et al., 1995; Yochem et al.,
1997). However, RAS and other small-related GTPases have
been shown to play key roles in axon guidance (Zipkin et
al., 1997), spicule formation, germ cell development (Yo-
chem et al., 1997), and sex myoblast migration (Clark et al.,
1992) in C. elegans, eye development (Wassarman et al.,
1995), embryonic patterning (Schnorr and Berg, 1996), and
s of reproduction in any form reserved.
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246 Shemer, Kishore, and Podbilewiczwing vein formation (Roch et al., 1998) in Drosophila and
motility, as well as invasiveness of various mitogenic cells
in mammals (Keely et al., 1999). In the vulva the only
vidence for RAS participation in the actual morphogenesis
s the EGF reciprocal signaling that is important for estab-
ishing the uterine–vulva connection (Chang et al., 1999).
Our results imply that RAS may have a potential role
during the entire organogenesis of the vulva in cell fusion
and cell migration. First, in the background of a ras (gf)
mutation, at least some of the cells (the daughters of A in
the real vulva) have acquired the ability to fuse to the
surrounding hypodermis. The early inductive function of
RAS could not contribute to this phenomenon since the
lineage of these cells was normal. Rather, this mutation
affects the cell fate of A. Second, in the let-60/ras (gf)
mutant there are abnormal filopodial extensions of A- and
B-derived cells (e.g., Figs. 2E, 3C, 3D, and 4). Third, the
structural differentiated state transformation described
may be related to the RAS pathway since RAS is normally
expressed in all the primordial cells after the execution of
the sublineage and throughout vulva formation (Dent and
Han, 1998). Based on these results we propose that RAS and
other signal transduction processes are involved in late
cellular events (e.g., filopodial extensions and cell fusion)
required to form a stack of rings that drive invagination
(Fig. 8).
It has been shown that FUS3, a member of the RAS-MAP
kinase pathway, is involved in the fusion of yeast cells
during mating (Elion et al., 1990). Cell fusion is also critical
in fertilization (Yanagimachi, 1988), formation of epithelia
in C. elegans (Podbilewicz and White, 1994), embryonic
development in sea urchin and in leech (Hodor and Etten-
sohn, 1998; Isaksen et al., 1999), and formation of muscles
(Doberstein et al., 1997), bones (Jee and Nolan, 1963), and
placenta (Pierce and Midgley, 1963). Our working hypoth-
esis is that membrane fusion during development is a
universal strategy to accomplish pattern formation (Pod-
bilewicz, 2000).
Ring Formation as a Morphogenetic Force
in Invagination
Epithelial invagination plays a key role during develop-
mental events such as gastrulation and organogenesis.
There are various theories on the mechanisms and the
morphogenetic forces that drive epithelial invagination
such as apical constrictions in the ventral furrow in Dro-
sophila as well as in the primordia of the neural crest
(Schoenwolf and Smith, 1990), changes in cell adhesion
properties of the basal and apical domains of the folding
cells (Gustafson and Wolpert, 1963), secretion of extracel-
lular matrix (Lane et al., 1993), and oriented cell division
uring gastrulation (Hertzel and Clark, 1992). One of the
andidates to be a morphogenetic force during invagination
s the formation of bottle cells in sea urchin, Drosophila,
and Xenopus embryos (Shih and Keller, 1994). These cells
are apparently essential for primary invagination on the
Copyright © 2000 by Academic Press. All rightnset of gastrulation (Kimberly and Hardin, 1998). Vulva
ormation in C. elegans has been studied in order to
nvestigate the essence of epithelial invaginations in this
nimal and mutations that perturb vulva invaginations
ave been cloned (Herman et al., 1999; Herman and Hor-
itz, 1999).
Here, we have shown that epithelial invagination during
ulva formation in C. elegans can be executed through a
ovel mechanism. Ring formation appears to be the mor-
hogenetic force that drives the invagination of the vulval
ells. Invagination is achieved when cells forming rings
igrate laterally and ventrally thus disconnecting neigh-
oring cells from the hypodermis. We propose that sequen-
ial migration and ring formation is followed by interac-
ions between the migrating cells and between the toroidal
ells and the surrounding hypodermis. When ring formation
s aberrant, invagination is not complete. It is noteworthy
hat the bottle cells in sea urchin are also set in a ring but
hat the folding of these cells is quite different from the
rocess of ring formation in C. elegans.
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